Objectives: The CAMP-dependent Cl-conductance in heart is believed to be due to cardiac expression of the cystic fibrosis transmembrane conductance regulator (CFTR). While CFI'R expressed in rabbit and guinea-pig heart (CFIR,,i,) is an alternatively spliced isofonn of the epithelial gene product, little information is known regarding possible expression of CFTR in primate heart. In this study, we examined molecular expression of CFI'R in human and simian atrium and ventricle and functional expression of CAMP-dependent Cl-currents in isolated human atria1 and simian ventricular cells. Methods: The reverse transcription polymerase chain reaction (RT-PCR) was performed on human and simian atria1 and ventricular mRNA using primers designed to border regions of the CFTR gene product corresponding to transmembrane segments I-VI (TSI-VI), the first nucleotide binding domain (NBDl), transmembrane segments VII-XII (TSVII-XII), and the large cytoplasmic domain which includes the regulatory (R) domain and NBDl . Functional expression of CFIR Cl-channels in human atria1 and simian ventricular myocytes was determined using whole-cell and giant inside-out patch-clamp techniques. Results: Southern blot analysis of these RT-PCR products demonstrated expression of CFTR transcripts in human and simian atria1 and ventricular tissue and revealed a novel pattern of expression compared to most animal species studies: both the exon 5 plus (unspliced) and exon 5 minus (spliced) CFIR transcripts are co-expressed in human and simian atrium and ventricle. Whole-cell experiments demonstrated a Cl-sensitive time-independent background conductance in both human atria1 and simian ventricular myocytes that was activated by forskolin (FSK) and insensitive to 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS). In inside-out patches utilizing the giant patch technique on human atria1 myocytes, unitary Cl-sensitive channels resembling CFI'R Cl-channels (approximately 14 pS conductance) were activated by the catalytic subunit of protein kinase A (PKA) in 3/12 patches examined. Conclusions: These results clearly demonstrate the molecular expression of CFlX Cl-channels and provide electrophysiological evidence consistent with functional expression of these channels in human atria1 and simian ventricular myocardium.
Introduction
Interest in cardiac Cl-channels has increased in recent years following the discovery of a class of anion channels activated through the adenosine 3'S'-cyclic monophosphate (CAMP)-dependent protein kinase (PKA) pathway [ 1, 2] . Activation of this conductance under normal physiological conditions has been shown to cause a small depolarization of the resting membrane potential and shortening of action potential duration [3, 4] . These data suggest that under normal conditions (with Ec, in the range of -65 to -45 mV), the major physioIogical role of activating I Cl(cAMP) is to minimize (oppose) the significant action potential prolongation associated with /3-adrenergic stimulation of I,,, thus allowing significant augmentation of Ca*+ entry into cardiac cells while producing only modest changes in action potential duration. Under some conditions, however, activation of this conductance may be arrhythmogenic [5] .
A variety of evidence suggests that cardiac CAMP-dependent Cl-channels may be mediated by a protein which is related to the cystic fibrosis transmembrane conductance regulator (CFI'R) gene product found in epithelial cells [6, 7] and recent molecular studies suggest that CAMP-dependent Cl-channels in heart may be due to cardiac expression of an alternatively spliced isoform of CFTR, CFTRcardiac [8, 9] . A recent model linking CFIR Cl-channel gating to ATP hydrolysis has been proposed based upon an investigation of the properties of cardiac CAMPdependent Cl-channels in whole-cell and detached membrane patches [ 10,111. These data raise obvious questions related to whether WI'R Cl-channels play any significant role in autonomic regulation of the action potential in primate heart and whether or not mutations which have been shown to occur in the epithelial CFTR gene product in cystic fibrosis patients also occur in human heart and produce any functional defects. These important issues remain to be investigated, since at this time it is not even known whether or not CFTR Cl-channels are expressed in primate myocardium. In this report, we provide evidence showing molecular expression of the CFTR gene product as well as functional expression of CFIYR Cl-channels in human and simian myocardium. Preliminary reports of these results have been published [12,13].
Methods

mRNA isolation and reverse transcription-polymerase chain reaction
Poly A+ mRNA was prepared from freshly dissected cardiac tissues using the FAST TRACK kit (Invitrogen) as per the manufacturer's instructions. First strand cDNA synthesis was carried out by reverse transcription on approximately 0.5 pg of poly A+ mRNA derived from cardiac tissues. A control reaction containing no mRNA was included for each set of PCR primers employed. In addition, we have previously demonstrated that mRNAs derived from other mammalian cardiac tissues (e.g. guinea-pig and rabbit atria) do not result in amplification of CFTR specific products [9] . These mRNAs were r&u-tinely employed as negative controls (data not shown). The following reagents were combined: 200 units of Moloney murine leukemia viral reverse transcriptase, 1 unit of RNase inhibitor, 1 mh4 dNTPs, and 100 pM of antisense primer designed to hybridize to sequence in exon 17 (E17') in a final volume of 20 ~1 of 50 mM Tris-Cl (pH 8.3), 75 mM KCl, 10 mM dithiothreitol, 3 mM MgCl,. The mixture was incubated for 10 min at room temperature (to anneal antisense primer), then 60 min at 42°C (for first strand synthesis). RNase H, 3-5 units, was then added and the mixture incubated for 30 min at 37°C to degrade the mRNA. Oligonucleotide primers (25 pmol/l) were added to an aliquot of the first strand synthesis mixture with the following: 2.5 units of Thermus aquaticus polymerase, 7.5 ~1 of 10 mM Tris-Cl (pH 8.3), 50 mM KCl, 1 mM MgCl,! and 0.01% gelatin and water to bring the final volume to 100 ~1. The reaction mixture was overlaid with 90 ~1 of mineral oil. The mixture was then incubated in a thermal cycler (Coy> with the following amplification profile: two cycles at 94"C, 1 min; 42"C, 3 min; 72"C, 15 s then 33 cycles with the profile 94"C, 1 min; 55"C, 2 min; 72"C, 15 s with an extra 5 s at 72°C added in each cycle. The oligonucleotide sequences used were as follows (see Fig. 1 for primer positions): E3: 5'-GGGGAAGTCAC-CAAAGCAGTACAGC-3'; E7': 5'-GCGCA -GAACAATGCAGAATGAGATGG-3'; E9: 5'-ATTG-GATCCAATGGTGATGACACGCTCCTCTTC-3'; E 13': 5'-ATTGAATI'CAGTTTACAGACACAGCT-3'; E7: 5'-AT-TGAGCTCATCATCCTGCGGAAAATATTCA-3' ; E 14' : TATITCTAGACAAGCTCCTGTGGACAGTAATATAC-3'; E14: 5'-GACTACATGGAACACATACCTTCG-3'; E17': S-CGCATCAAGCTATCCACATCTATGC-3'. PCR products were isolated, subcloned and sequenced by established methods [14].
Southern blot analysis of PCR products
PCR products were electrophoresed on 2% agarose gels, stained with ethidium bromide and photographed along with appropriate molecular weight markers. The gels were denatured, neutralized, and the DNA was transferred by capillary action onto nitrocellulose (Schleicher and Schuell). Filters were baked for 1 h at 80°C in vacua and hybridized for 18 h in the presence of random labelled cDNA fragments generated from the epithelial form of CFTR kindly provided by Johanna Rommens (Hospital for Sick Children, Toronto) according to established protocols t14l.
Tissue procurement
Human right atria1 tissue was obtained from 10 patients (7 male, 3 female) undergoing routine cannulation of the right atrium during bypass surgery or through the National Disease Research Interchange (Philadelphia, PA, USA); The mean age ( f s.e.m.1 of patients was 61.5 f 8.8 years. The specific protocols for obtaining human tissue were approved by the Institutional Human Use Committee (Washoe County Medical Center). For electrophysiological whole-cell experiments, a total of 30 human atria1 cells were studied. Of these, only 8 cells exhibited an intact adenylate cyclase/cAMP-dependent protein kinase (PKA) pathway, assessed by monitoring the response of whole-cell Ca" currents to forskolin (10 PM): +84.5 + 47.2% (n = 8) versus -27.8 + 10.1% (n = 22). Simian (crab-eating macaques) ventricular tissue was graciously provided by Sierra Biomedical (Sparks, NV, USA) from 4 control animals used for on-going drug treatment studies. All 9 cells examined exhibited a robust response of whole-cell Ca*+ currents to forskolin (1 yM), indicating an intact adenylate cyclase/cAMP-dependent protein kinase pathway. The method of euthanasia and surgical techniques employed conform to the guidelines of the American Veterinary Medical Association and were in full compliance with the U.S. Federal Animal Welfare Act.
Cell isolation
The excised tissue (human or simian) was immediately placed in cold (4°C) modified Tyrode's solution containing (mM): NaCl 126, KC1 4.4, MgCl, 5, NaH,PO, 1, CaCl, 1.5, taurine 20, creatine 5, Na+-pyruvate 5, 5 N-Zhydroxy-ethylpiperazine-N'-Zethanesulfonic acid (HEPES) 12, and glucose 22, pH 7.4 with NaOH (hereafter referred to as normal Ca*+ solution) and transported to the laboratory. The tissue was then diced into small (l-2 mm3) chunks and placed in a nominally Ca*+-free solution (same as above omitting Ca*' ). This solution was replaced 3 times over a 9-min period to aid in washout of blood and Ca*+. All subsequent steps were performed at 37°C in a solution containing 50 PM Ca*' (hereafter referred to as low Ca*+ solution) with continuous gassing with 100% 0, to provide mechanical agitation. The tissue was then placed in a low Ca*+ solution incubated with collagenase (Worthington Cls 2) 400 IV/ml, protease (Sigma Type XXIV) 10 III/ml, and bovine serum albumin (BSA) 1 mg/ml. After 45 min, the tissue was transferred into an identical solution omitting protease. This second digestion proceeded until the appearance of rod-shaped myocytes at which time the tissue was washed several times with low Ca*' solution and stored in a modified KB solution [15] with the following composition (in mM): KC1 20, KH,PO, 10, MgCl, 5, glutamic acid 70, ethylene glycol-bis( paminoethyl ether)N,N,N',N'-tetraacetic acid (EGTA) 10, HEPES 12, and glucose 22, pH 7.4 with KOH. All experiments were performed at room temperature (19-22°C) on quiescent myocytes with clear cross striations.
Electrophysiological methods
Whole cell currents were measured using standard patch-clamp technique [16] . Patch pipettes were made using borosilicate glass capillary tubing and had resistances of l-3 M 0 when filled with intracellular solution. In experiments where external Cl-concentration was changed, an equimolar concentration of Naf-aspartate was used to replace NaCl. Whole-cell currents were recorded in voltage-clamp using an Axopatch 1-D patch-clamp amplifier (Axon Instruments). Data were filtered at a frequency of 1 kHz and digitized on-line at 2 kHz using an IBM compatible computer and pCLAMP software (Axon Instruments). The bath was grounded using a 3 M-KCl-agar bridge, and data recorded with an asymmetrical Cl -gradient were corrected for -9 mV liquid junction potential offset (151 mM external Cl-solution).
Single channel data were obtained from inside-out patches using the giant patch technique [ 171. Single human atria1 myocytes were isolated as described above and subsequently stored in a "blebbing solution" which contained (in mM): KC1 150, MgCl, 5, EGTA 10, HEPES 15, and glucose 20, pH 7.0 with KOH for at least 24 h. Patch pipettes were made from borosilicate glass capillary tubing and had resistances of 500-700 k0 when filled with pipette (extracellular) solution. The pipette solution contained (in mM): NaCl 145, CsCl 5, BaCl, 2, MgCl, 2.3, CaCl, 0.5, and HEPES 10, pH 7.4 with CsOH. Seals were obtained in the following solution (in mM): aspartic acid 85, TEA-Cl 20, CaCl, 2, HEPES 10, pH 7.4 with CsOH. After seal formation, patches were pulled off and the bath (internal) solution was switched to the following (in mM): NaCl 140, TEA-OH 20, MgCl, 2, Mg*+-ATP 0.5, Na+-GTP 0.1, EGTA 10, HEPES 10, pH 7.1 with NaOH. PKA catalytic subunit was directly added to this solution to achieve a concentration of 10 U/ml (0.3 pg/ml). PKA catalytic subunit was made up in a stock solution (0.05 mg protein/ml) containing 6 mg/ml dithiothreitol. Patch currents were recorded with a Dagan 3900A integrating amplifier. Data were stored on video tape, filtered at 100 Hz, digitized off-line at 1 kHz, and analyzed with programs written in pCLAMP 5.5.1 (Axon Instruments). All experiments were performed at room temperature (19-22°C).
Results
CFTRcOrdiac in human myocardium
Our earlier molecular studies [8] provided evidence for the expression of CFIR Cl-channels in human atria1 tissue. In that study, Northern blot analysis, using a rabbit heart PCR amplification product corresponding to the first nucleotide binding domain (NElDl), demonstrated expression of homologous transcripts in human atria1 tissue. Molecular expression of CFIR in human cardiac tissue was further examined in the present study by performing RT-PCR on human atria1 and ventricular mRNA using primers ( Fig. 1 ) designed to border regions TSI-VI (E3-E7'), NBDI (E9-E13'), TSVII-XII (El4-E17') and the large cytoplasmic domain including NBDl and the R domain (E7-E14') of CFTR. The bottom panels of Fig. 2 show :Southem hybridization of RT-PCR products corresponding to these CFTR regions in human atrium and ventricle.
The molecular form of CFTRcardiac in rabbit and guinea-pig ventricle is an alternatively spliced isoform of that expressed in epithelial tissues [9] . This alternatively spliced isoform is deleted for exon 5, which encodes 30 amino acids between transmembrane segments 2 and 3 (top panel, Fig. 2 ). In rabbit and guinea-pig ventricle the alternative splicing arrangement is mutually exclusive. Only the transcript which is deleted for exon 5 is expressed. In pancreas (rabbit or guinea-pig) only the non-deleted transcript is expressed. The lower left panel of Fig. 2 compares the expression of TSI-VI in human atrium and ventricle to the expression of this region in guinea-pig and rabbit ventricle. In contrast to rabbit or guinea-pig ventricle, the E3/E7 primer pair generated both the alternatively spliced (exon 5 minus; 681 bp) as well as the non-spliced (exon 5 plus; 771 bp) variants from the human atria1 and ventricular derived mRNA samples. The lower middle and right panels of Fig. 2 show that the other amplification Also shown is the exon 5 deleted region in the rabbit cardiac isofotm. Bottom, hybridization of RT-PCR products representing NH,-terminal (681 bp) segments generated from human, rabbit and guinea-pig heart (left); hybridization of RT-PCR products representing COOH-terminal(944 bp) segments generated from human atrium (middle); hybridization of RT-PCR products representing COOH-terminal (944 bp) segments generated horn human ventricle (right). PCR products were separated on agarose gels, transferred to nitrocellulose, and hybridized to a full-length epithelial CFTR probe.
products corresponding to NBDl (E9-E13'), TSVII-XII (E14-E17') and the large cytoplasmic domain including NRDl and the R domain (E7-E14') are all expressed in human atrium and ventricle. This expression pattern is also different from that observed in most animal species which have been examined, where CFlR mRNA expression can be detected in guinea-pig and rabbit ventricle but not in atrium [9] . Despite these differences, these data leave little doubt that CFTR mRNA is expressed in both human atrium and ventricle and raise the question of whether or not functional CFTR Cll channels are expressed in human heart. We used electrophysiological techniques on isolated human atria1 myocytes to determine if the message found for CFIRcardiac by molecular means was functionally expressed in human myocardial tissue. In order to accomplish this goal both standard whole-cell patch-clamp and inside-out giant patch techniques were employed. Fig. 3 shows an example of whole-cell Cl-currents activated by forskolin (FSK) in human atria1 myocytes. Under control conditions designed to inhibit Na+, K+, and Ca*' conductances, a small background leak conductance was observed over the voltage range from -110 to + 50 mV. Application of FSK (10 PM) to the bath solution elicited an increase in a time-independent current that resembled the CAMP-dependent Cl-current recorded in cardiac myocytes from other species [3, 18] . In five cells, the current-voltage relationship for this FSK-induced current exhibited a mean ( + s.e.m.) reversal potential (-27.1 f 1.2 mV) near the predicted Cl-equilibrium potential (Ec,) of -33 mV with Cl;= 40 mM and Cl;= 151 mM. Furthermore, in three of these cells, Cl; was reduced to 40 mM (replaced with aspartate) in the continued presence of FSK to examine the Cl-dependence of the FSK-induced current. 40 mM Cl; produced an inward shift in holding current and shifted the current-voltage relationship to more positive potentials. Mean reversal potential (+ s.e.m.) in these cells was -29.8 k 1.9 mV (n = 3) in standard Cl-external solution, and -3.4 + 1.1 mV (n = 3) in low Cl-external solution; a mean shift of +26.4 + 3.5 mV, close to the predicted shift (+ 33 mV) expected for a Clsensitive electrode, thus confirming the Cl-sensitivity of the FSK-induced current. FSK-induced Cl-currents were observed in approximately 63% of the cells examined which exhibited an intact adenylate cyclase/ PKA pathway (see methods).
Although reversibility of the FSK-induced Cl-currents was not tested in these experiments, we did test the possibility that the FSK-induced Cl-current observed in human atria1 myocytes might be due to the activation of other types of Cl-channels, and not due to CFIR. The sensitivity of the FSK-induced currents to the disulfonic stilbene compound, DIDS (4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid) was examined in two cells. DIDS has been shown to be an effective antagonist of Ca*+- [19] , swelling- [20, 21] . and ATP- [22] channels, but does not block epithelial CFTR Cl-channels [23] or cardiac CAMP-dependent Cl-currents [24] . 500 PM DIDS applied for up to 10 min failed to alter the amplitude of the FSK-induced Cl-currents in human atria1 myocytes (Fig. 4) , a result consistent with this Clcurrent being attributable to activation of CFTRcardiac.
To further examine the presence of functional CFTR Cl-charmels in human atrial myocytes we used the giant excised patch technique [ 171 in an attempt to measure unitary Cl-currents activated by protein kinase A. This technique was employed in order to increase the probability of observing Cl-channels in the patch, since CFTR Cl-channels are normally expressed in rather low density (0.06-0.1 pm-* ) in guinea-pig ventricular myocytes [25, 26] . Of 12 inside-out giant membrane patches exam-ined, no evidence for any channel activity was obtained before exposure to PKA catalytic subunit, even in the presence of ATP and GTP alone. However, in three of the patches, bath (internal) application of PKA catalytic subunit (10 U/ml> in the presence of ATP and GTP resulted in a significant increase in outward current at a holding potential of + 30 mV (Fig. 5, panel A) due to the simultaneous activation of several channels in this patch. Within minutes, however, channel activity subsided somewhat (possibly due to rundown) and transitions corresponding to the opening and closing of individual channels could be observed (panel B) with channels exhibiting a reversal in the direction of current flow near 0 mV. A mean currentvoltage relationship for the PKA-activated channels obtained from three giant patches is shown in panel C. The mean current-voltage relation exhibited an apparent reversal near 0 mV (the predicted value for Ec, = + 3 mV) and the mean conductance from the three patches was 14. Fig. 1 ) representing NH, terminal segments (E3-E7'), NBDl (E9-E13'). cytoplasmic domain (E7-E14'). and COOH terminal (El4-E17') of CFlR are expressed. Note that both the altematively spliced exon 5 minus (681 bp) and the non-spliced exon 5 plus (771 bp) are expressed. PCR products were separated on agarose gels, transferred to nitrocellulose, and hybrized to full length CFIR (see methods).
readily available and closely related primate tissue, the simian myocardium. Molecular expression of CFI'R in simian cardiac tissue was examined, utilizing identical primers to those described in the human section (see Fig.  l) , by performing RT-PCR on simian atria1 and ventricular tissue. Fig. 6 shows Southern hybridization of RT-PCR products corresponding to these CFI'R regions in simian ventricular tissue.
These data clearly show that, as was shown earlier for human myocardium, both the alternatively spliced (exon 5 minus; 681 bp) as well as the non-alternatively spliced (exon 5 plus; 771 bp) variants of CFTR are co-expressed in simian ventricle and identical expression was observed for simian atria1 tissue (data not shown). The fact that simian myocardium has an identical pattern of expression to that observed in human myocardium suggests that the molecular pattern of expression of CFIRcardiac in primate myocardium is significantly different from that seen previously in other animal models, and therefore suggests that simian heart may represent a better animal model in which to examine the physiological role of CFTRcardiac in human heart. Once again, we examined whether or not molecular identification of CFTRcardiac was accompanied by functional CFTR Cl-channels in simian myocardium.
Standard whole-cell patch-clamp was employed on isolated simian ventricular myocytes using FSK to increase intracellular CAMP under conditions designed to inhibit interfering Na", K+, and Ca2' currents. Fig. 7 (panel A) shows that, under control conditions, there was a small background leak conductance observed over the voltage range from -110 to + 50 mV. Application of FSK (1 PM) to the bath solution with Cl;= 40 mM and Cl;= 151 mM resulted in an increase in a time-independent background current in nine out of nine cells examined. Decreasing Cl; to 40 mM in the continued presence of FSK produced an inward shift in the holding current. Under both conditions the current-voltage relationship (Fig. 7,  panel B ) reversed near the predicted Nemst value for a Cl-selective channel (Ec, = -33 .and 0 mV, respectively). Furthermore, alteration of Cl; over a range of concentrations demonstrates that there was a 47 mV shift in the reversal potential per IO-fold shift in Cl-concentration suggesting that Cl-is the major charge carrier of this conductance (Fig. 7, inset Panel B) . The experiment illustrated in Fig. 8 shows that result consistent with membrane current activation dependent upon an elevation of intracellular CAMP.
Discussion
Molecular evidence obtained using RT-PCR and Southem blot analysis shows the presence of CFIR message in human and simian atria1 and ventricular tissue. Ampliflcation of regions corresponding to the first nucleotide binding domain (NBDl), transmembrane segments I-VI, the regulatory (R) domain, and transmembrane segments VII-XII clearly demonstrate the presence of CFTR transcript in human and simian myocardium. Whole cell patch-clamp experiments on isolated human atria1 myocytes identified a Cl-selective time-independent background current. This conductance was activated by stimulation of adenylate cyclase, and was unaffected by exposure to high concentrations of DIDS. Furthermore, giant patch experiments revealed the presence of Cl-selective channels that were activated by application of the catalytic subunit of PKA with a single channel conductance of approximately 14 pS. This is in close agreement with the reported conductance of the CAMP-dependent Cl-current recorded in guinea-pig ventricular myocytes [26] . Therefore, these data provide strong molecular evidence that CFIR Cl-channels are expressed in human atrium and simian ventricle, as well as electrophysiological data consistent their functional expression in these tissues.
Alterations in the human myocardium as the result of disease status or age coupled with the difficulty in obtaining viable human myocardium, especially ventricular tissue, prompted the examination of simian ventricular myocytes for the presence of CFTR Cl-channels in this study. As was the case for isolated human atria1 cells, whole-cell patch-clamp experiments identified a Cl-selective time-independent background current that was activated by direct stimulation of adenylate cyclase with forskolin in isolated simian ventricular myocytes. Although further studies are required to determine the exact physiological role of these channels in human and simian myocardium, data obtained from guinea-pig ventricle [3, 4] would suggest that these channels may play a similar regulatory role in autonomic regulation of resting membrane potential and action potential duration in human and simian heart.
There currently exists little information, either at the molecular or functional level, related to the possible expression of anion channels in primate heart. Two recent studies 128,291 failed to detect functional CAMP-dependent Cl-channels in isolated human atria1 myocytes, but did detect the presence of swelling activated Cl-currents. Furthemrore, it was shown that the swelling-induced Clcurrent once activated could be augmented by isoproterenol [28] , although the mechanism for such modulation is unknown. These observations raise the possibility that the Cl-currents we observed in human atria1 myocytes might be attributable to swelling-induced Cl-channels possibly modulated by CAMP, and not due to Cl-channels directly activated by intracellular CAMP. However, this possibility seems unlikely for three reasons. First, the time course for activation of the swelling-induced current under isosmotic solutions was shown to take approximately 20 min in canine atria1 myocytes [30] and before this time, application of isoproterenol to these cells had no effect (which is expected since CFI'R is known to be absent in canine myocardium [9] ). In contrast, in our experiments on human atria1 myocytes, an increase in background conductance was clearly evident within approximately 3 min after exposure to FSK. The difference in the time course of activation suggests that the Cl-conductance we observed upon application of FSK is dependent on elevation of CAMP and is not due to cell swelling. Second, the FSK-in-duced Cl-current we observed in human atria1 cells was insensitive to high concentrations of DIDS (Fig. 41 , which has been shown at lower doses to be an effective antagonist of swelling-activated Cl-currents in heart [ 19,211, but does not block epithelial CFTR Cl-channels [23] or cardiac CAMP-dependent Cl-currents [24] . Third, we obtained no evidence for the activation of larger conductance (-45 pS), outwardly rectifying Cl-channels (ORCC) in isolated membrane patches from human atria1 myocytes, before or after exposure to the catalytic subunit of protein kinase A. ORCCs have recently been suggested to be responsible for swelling-activated Cl-currents in rabbit atria1 myocytes [31] . Thus, while our data do not preclude the presence of swelling-activated Cl-channels in human atria1 myocytes, the characteristics of the FSKactivated Cl-currents and PKA-activated unitary Clchannels described here are more consistent with the known properties of CFTR Cl-channels in heart [7] .
The observed variability in adenylate cyclase responsiveness of the isolated human atria1 myocytes in our experiments makes it difficult to make any firm predictions regarding the actual density of expression of CmR Cl-channels in human atrium, since functional CFTR Clchannels may not be detectable in many of the cells under these conditions. The reasons for the depressed adenylate cyclase responsiveness of the majority of cells tested are not known but might be related to the older age or disease state of the patient population from which tissue samples were obtained. Depressed adenylate cyclase sensitivity has been previously documented in human myocardium in certain disease states and with increasing age [32] . Alternatively, the depressed second messenger responsiveness might be caused by the enzymatic dispersion technique. It is noteworthy that such difficulties were not encountered with simian ventricular myocytes, where every cell examined exhibited a functional second messenger pathway and detectable CAMP-dependent Cl-currents, leaving little doubt that these channels are indeed functionally expressed in this primate tissue. Future studies in myocytes from normal human ventricle are clearly required to determine whether or not functional CFTR Cl-channels are also expressed in this tissue.
It is possible that functional expression of CFTR Clchannels is low or non-uniform in human atria1 myocardium, which might explain some of discrepancies between our results and those recently reported by others [28, 29] . While it is generally believed that CAMP activated Cl-channels are not expressed in most mammalian atria1 tissues [7, 9, 36] , it is noteworthy that even 10% of guineapig atria1 myocytes examined were reported to exhibit CAMP-activated Cl-currents [22] .
There remain several other related but unresolved issues which may also contribute to the apparent discrepancy. There currently is little information on the molecular properties of the protein responsible for swelling-activated Clchannels. It is controversial as to whether or not these channels might in fact be mediated by a structural analog of CFIR, P-glycoprotein [33, 34] . It has also recently been reported that cell swelling may alter the actin cytoskeleton leading to CFTR activation [35] . However, whether or not these possibilities account for some of the discrepant results reported in human atrium remains highly speculative at this time.
The molecular data showing expression of CFTR transcripts in both human and simian atrium and ventricle support the electrophysiological results and also suggest an expression pattern in primate heart which is quite different from that observed in most animal species thus far examined, in which Cl-currents and homologous CFTR transcripts can be detected in ventricle but not in atrium [9, 36] . While competitive PCR [37] needs to be performed in order to quantitatively compare expression levels of CFI'R message in human atrium and ventricle, the Southern blots that were performed employed identical methods and similar amounts of mRNA as starting material for each sample to that previously performed on rabbit and guinea-pig atria1 mRNA samples, which failed to detect the presence of CFTR message in those preparations [9] . This is consistent with a higher level of expression of CFTR in primate atrium compared to other species. Another difference in the expression pattern of CFTR transcripts in human and simian heart compared to other species is the expression of both the alternatively spliced (exon 5 minus; 681 bp) as well as the non-spliced (exon 5 plus; 771 bp) variants in both atrium and ventricle. In cardiac tissue from most animal species thus far examined, only the spliced isoform deleting exon 5 is observed. Although it is believed that this isoform is responsible for CAMP-dependent Cl-currents in cardiac cells in these species [7] , it has been reported that the exon 5-splice variant fails to result in functional expression of CFTR Cl-channels in HeLa cells due to defective intracellular processing 1381. It is not known whether or not in cardiac cells intracellular processing of these proteins necessarily occurs in a similar manner. Since the functional role of exon 5 is not yet known, the meaning of the dual expression of both spliced and unspliced CFTR transcripts in primate myocardium remains to be elucidated.
